In most real-world communicative environments speech signals are fragmented and incomplete due to masking by other concurrent sounds. Experiments in the perception of gated and time-compressed speech provide a useful approach for systematically investigating factors involved in the perception of temporally-fragmented speech. In the current work, the intelligibility of spoken sentences was measured following periodic signal interruption at various square-wave gating rates with time compression applied by either omitting or doubling silent intervals during gated-off times. Across interruption rates (0.5 -16 Hz), speech perception of younger and older normal-hearing and older hearing-impaired adults was similar for slow interruption rates, but differed substantially for the faster rates. This rate-dependent variation was consistently found for different interruption methods and conditions. Importantly, speech perception at fast interruption rates correlated strongly with pure-tone thresholds and performance on speech-in-noise tests, while it did not correlate with results from tests of working memory or spectro-temporal pattern discrimination. These findings suggest that different perceptual processes are involved in the perception of interrupted speech at slow and at faster interruption rates, and have implications for developing diagnostic tests applicable to real-world listening environments.
INTRODUCTION
In the course of everyday life, speech perception typically takes place in the presence of other, often much louder sounds. A remarkable, often replicated, finding of mid 20 th century research with interrupted speech demonstrates how little of the original speech signal is necessary to maintain high speech intelligibility (Miller and Licklider, 1951) . In normal-hearing listeners, nearly perfect speech intelligibility can be maintained with half of the speech signal absent, and relatively good speech intelligibility of ~ 80% and higher is possible with only a quarter of the original speech present (Shafiro et al., 2011a) . Intelligibility of interrupted speech is thought to rely on the ability to detect and integrate audible glimpses, or fragments, of the original speech (Cooke, 2006) through some kind of an "intelligent warping" process (Moore, 2003) . However, as listeners age and often acquire hearing loss, perception of interrupted speech becomes more effortful and less accurate. The ability to utilize information in interrupted speech may be affected by a number of listener-specific factors including listener age, hearing status, and cognitive abilities (Humes and Dubno, 2010; Pichora-Fuller and Souza, 2003; Jin and Nelson, 2010) . Previous research also demonstrated perceptual deficits in older and hearing-impaired listeners for time-compressed speech (Jense, 2009; Gordon-Salant et al., 2007) . However, the extent to which deficits in the perception of interrupted speech are affected by systemic global aging changes, including cognitive abilities, or arise as a result of specific age-related decline in auditory acuity and spectral-temporal processing abilities remains unclear.
The research described below examined the effect of age and hearing status on the perception of interrupted speech. Spoken sentences were periodically interrupted using two different interruption methods and presented to three groups of listeners: young normal hearing (YNH), older normal hearing (ONH) and older hearing impaired (OHI). The two interruption methods differed in term of their effect on the temporal structure of speech. For the first interruption method (dual-gating), sentences were gated using two concurrent gating rates, one slow and one fast, to tap different time scales of perceptual processing of speech, without altering the overall temporal structure of each utterance. The results of two-rate gating were then compared with control results obtained with single gating rates and one of three duty cycles: 25%, 50% or 75%, which determined the percentage of the original speech remaining within each gating cycle, and consequently in the whole stimulus after processing. Performance on dualand single-rate gated stimuli could thus be compared for the same proportion of the original speech remaining in the signal. This allowed for an evaluation of relative contributions to intelligibility of the proportion of speech remaining in the signal and the frequency of speech sampling. For the second interruption method (time-altered), sentences initially gated with a single rate were either time compressed by eliminating silent intervals between remaining consecutive speech fragments or time-expanded by doubling the duration of silent intervals that remained between consecutive speech fragments. It was expected that regardless of the type of interruption method, the overall intelligibility in older normal-hearing and hearing-impaired listeners would be inferior to that of younger normal-hearing listeners. However, these differences would be rate-dependent, being minimal at the slow interruption rates, when speech fragments contain whole words or multiple consecutive uninterrupted syllables, and increasing at higher interruption rates when the present and missing speech fragments represent smaller subphonemic segments. Additional tests of speech-in-noise perception, basic auditory abilities and working memory were administered in order to examine factors involved in the perceptual processing of interrupted speech.
METHODS

Design, Stimuli and Procedures
All listeners were tested with the four types of materials described below: interrupted speech sentences, speech-in-noise tests, tests of basic auditory abilities and working memory tests. The dual-rate interrupted sentences were always tested before time-altered sentences in two separate sessions.
Interrupted speech stimuli were based on HINT sentences spoken by a male talker. For dual-rate conditions, the spoken sentences were gated with either one or two concurrent rates (Fig. 1) . That is, all sentences were first gated with a slower primary rate (0.5, 2, 4, 8 Hz) by multiplying the original stimuli with a rectangular gating window with random phase, and then gated again with a faster secondary rate of 24 Hz. Three different duty cycles (25%, 50% and 75%) were used with all four primary rates, but only two duty cycles (50% and 75%) were used with the secondary rate. In addition, 75% duty cycle was used only with ONH and OHI listeners, given initial expectations of poor performance with lower duty cycles, which might have produced floor effects. The fast secondary rate was not applied to sentences gated with a 25% duty cycle, because that would limit the amount of remaining original speech to 12.5% and result in very low performance. For time-altered conditions, there were six interruption rates (0.5, 1, 2, 4, 8, or 16 Hz). The time-compressed stimuli were obtained by gating the spoken sentences, as described above using a 50% duty cycle, and then discarding the silent intervals within each gating cycle and abutting consecutive speech intervals (Fig. 2) . This resulted in a decrease in the overall signal duration for time-compressed sentences, while the total amount of the remaining speech signal elements was the same as for the gated sentences. Time-expanded stimuli were obtained by first gating the stimuli using only 50% duty cycle, and then doubling the silent interval within each interruption cycle. This resulted in a doubling of the overall signal duration for time-expanded sentences.
Within both dual-rate and time-altered interruption methods, the order of experimental conditions was randomized across sentence lists and subjects. Every 10-sentence test list followed a short practice period in the beginning of each condition with five IEEE sentences interrupted in the same manner as the test list. These IEEE practice sentences were not scored. Listeners heard all stimuli through Sennheiser 250 II headphones at 70 dB SPL and were asked to repeat what they heard. The intelligibility score of each condition was based on the total number of words repeated correctly for each list divided by the total number of words presented (about 50 per list).
FIGURE 1:
Illustrations of dual-rate gated speech. The top panel shows the continuous waveform of a sentence; the two middle panels show this sentence gated at a rate of 1 or 10 Hz (50% duty cycle). The bottom panel shows the sentence interrupted at the two rates concurrently. When concurrent, the faster gating rate of 10 Hz affects only the speech remaining after gating at the slower primary rate of 1 Hz, leaving 25% of the original speech signal. Speech-in-noise tests were four lists of the Quick Speech-in-Noise Test (QuickSIN) which produced a measure of Signal-to-Noise Ratio (SNR) Loss and the Speech-in-Noise (SPIN-R) sentence test administered in a closed-set response format with 50 response options at a 2-dB SNR ratio.
Tests of basic auditory ability were assessed following the procedures of Sheft et al. (2012a; 2012b) with four psychoacoustic tests which included (1 and 2) discrimination of stochastic frequency-modulation patterns in noise or with variable duration; tests 3 and 4 included spectral ripple-depth detection and spectral ripple-phase discrimination. All tests were administered with a cued 2IFC format, with thresholds obtained using an adaptive 2-down 1-up procedure.
Working memory tests included auditory forward and backward digit span tests (repeat strings of numbers of increasing length in the order they are presented -forward, or in the reversed order --backward), and a reading span test (report either the first or last words of each sentence after viewing an increasing number of sentences).
Participants
There were three groups of participants that differed in age and hearing status. Young normal-hearing participants were 17 adults (mean age 23.4 y., range: 19 -28, 14 females) with hearing thresholds between 0.5 -8 kHz of less than 15 dB HL. Older normal-hearing participants were 17 adults (mean age 68.2 y., range: 60-85, 12 females), with a mean PTA (0.5 -4 kHz) for their better ear of 15.6 dB HL (range: 10 -22 dB HL). Older hearing-impaired participants were 14 adults (mean age 70.2 y., range: 60-85, 8 females), with a mean PTA (0.5 -4 kHz) for their better ear of 31.1 dB HL (range: 25 -41 dB HL).
RESULTS
Percent correct intelligibility scores, converted to rationalized arcsine-transformed unites, were first evaluated separately for the dual-rate and time-altered interruption methods and then compared across the two methods. For both interruption methods, intelligibility was substantially reduced in older, and even more so, in hearing-impaired listeners, compared with young adults. The differences in intelligibility, however, in all groups were rate-dependent. At the low rate of 0.5 Hz, the cross-group differences in intelligibility were always small, regardless of the interruption method or condition. As the interruption rate increased, the cross group differences also increased. Despite overall lower intelligibility, in the dual-rate gated and time-altered conditions, ONH and OHI listeners generally showed U-shaped cross-rate intelligibility patterns similar to those of younger listeners, with a local minima around 2-4 Hz. 
FIGURE 3:
Mean sentence intelligibility across gating rates with listener group the parameter. The panels show performance for interruption conditions that leave different proportions of the original speech signal. From left to right: single-rate gated speech with a 25% duty cycle (far left), dual-rate gated speech containing 25% of the original signal (left), single-rate gated speech with a 50% duty cycle (middle), dual-rate gated speech containing ~37% of the original signal (right), and single-rate gated speech with a 75% duty cycle (far right).
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For dual-rate gated speech obtained by applying a secondary fast rate to speech already gated with slower primary rates with a 50% duty cycle, intelligibility was considerably higher than the intelligibility of single-rate gated stimuli with a 25% duty cycle (Fig. 3) . As with YNH listeners, the dual-rate intelligibility at the lowest and highest gating rates of 0.5 and 8 Hz, respectively, was nearly the same as that with a single rate and a 50% duty cycle stimuli. A similar pattern was observed in ONH and OHI listeners with dual-rate stimuli initially gated with a 75% duty cycle. While gating with two rates reduced the total amount of the retained speech signal to ~37.5%, intelligibility of dual-rate speech was closer to that obtained with a single rate and a 75% duty cycle, remarkably, exceeding that of a single rate with a 50% duty cycle. This finding is consistent with our previous work (Shafiro et al., 2011a) that shows that the intelligibility of interrupted speech depends on both the proportion of the original speech present, but just as importantly, on how the remaining speech is sampled. Although for all gating rates, except for the lowest rate of 0.5 Hz, intelligibility was always lower for ONH and OHI listeners, they were still able to benefit from the application of a fast secondary rate. This suggests that neither their age nor hearing status prevented them from integrating fine-grained subphonemic elements of speech. On the other hand, both ONH and OHI listeners, though only slightly different from each other, demonstrated remarkably lower intelligibility scores than YNH listeners for rates higher than 1 Hz in the single-rate 25% duty-cycle conditions. This difference was particularly noticeable at the highest gating rate of 8 Hz in which ONH, and especially, OHI listeners' performance was considerably lower than that of YNH listeners. In addition, in the 8 Hz gating condition the differences between ONH and OHI listeners were most pronounced. Across time-altered interruption conditions, the largest differences between younger and both groups of older listeners were observed for time-expanded utterances, followed by concatenated and gated utterances (Fig 4) . Similar to dual-gating conditions, the greatest differences between gated and time-altered utterances were observed for 2 and 4 Hz -a finding consistent with previous work with compressed speech that indicated greatest perceptual difficulties for syllabic-rate interruptions (Ghitza and Greenberg, 2009; Shafiro et al., 2011a; Shafiro et al., 2011b) . This pattern of rate-dependent intelligibility variation was found for all three participant groups, regardless of age and hearing status, with one important exception. Intelligibility of time-expanded utterances in which silent intervals within each interruption cycle were doubled was, for YNH listeners, as intelligible across rates as regularly gated utterances. But for ONH and OHI listeners, both time-expanded and time-compressed utterances were less intelligible than regularly gated utterances with a preserved temporal structure. Although time-expanded utterances were still more intelligible than time-compressed utterances, this finding suggests that additional processing time was not a dominant factor in the intelligibility of time-altered speech, at least for OHN and OHI listeners.
Correlation analysis of the two older listener groups indicated that listener ability to perceive interrupted speech, regardless of rate and, largely, the interruption method, were associated with their ability to perceive speech in multi-talker babble -a finding consistent with previous work demonstrating correlations between intelligibility of gated sentences and sentences masked by modulated noise (Jin and Nelson, 2010) . Moderate-to-high correlations were obtained for intelligibility across interruption rates and QuickSIN. However, for SPIN-R, correlations weakened considerably, likely due to the reduced inter-subject intelligibility range as a result of the near ceiling performance of ONH and OHI listeners (average 90% and 87%, respectively) . Among the ONH and OHI participants, intelligibility of interrupted speech did not correlate with listener age, but was moderately correlated with listener hearing status (i.e., better-ear PTA), indicating the potential role of basic audibility. However, other more complex auditory abilities assed by the test of spectro-temporal pattern processing did not correlate with the intelligibility of interrupted speech. Similarly, none of the memory tests correlated with performance on either interrupted speech or speech-in-noise tests, suggesting that the present test did not involve the same rapid memory processes as is likely to be involved in the perception of these types of interrupted speech stimuli.
DISCUSSION
The present findings indicate that the intelligibility of interrupted sentences varied as a function of 1) interruption rate, 2) duty cycle, 3) method of interruption (dual-rate, time-altered) and 3) listener group (YNH, ONH, OHI) as shown in Figs. 3 and 4. Across interruption rates, intelligibility varied with the duration of speech fragments in all groups. Both ONH and OHI listeners demonstrated nonlinear cross-rate intelligibility patterns, previously shown in YNH listeners (Shafiro et al., 2011a; Shafiro et al., 2011b) . Despite overall lower accuracy compared to YNH listeners, ONH and OHI listeners similarly benefited from the application of a fast 24-Hz secondary gating rate in sentences previously gated with a slower primary rate, suggesting relatively robust integration of short-duration subphonemic information. On the other hand, compared to YNH listeners, both ONH and OHI listeners demonstrated drastically lower accuracy at higher rates for single-rate gated sentences with a 25% duty cycle, suggesting a detriment in the ability to resolve informational uncertainty produced by missing speech fragments. It appears that when intervals between available speech fragments become longer, and the number of possible options increases, older listeners have considerably greater difficulty determining the appropriate information. Furthermore, in time-altered stimuli, it appears that the disruptions in the global temporal structure of the utterances, rather than processing time per se, had a larger detrimental effect on listener performance. That is, reduced cross-rate intelligibility patterns for time-compressed and time-expanded sentences in ONH and OHI listeners indicate that the reduction in intelligibility relative to gated speech (in which the original temporal structure was preserved) resulted from inability to rapidly compensate for the temporal disruption in the stimulus structure. On the other hand, the lack of differences in intelligibility between gated and time-expanded speech in YNH listeners suggest that the ability to rapidly adapt to temporal distortions in speech changes with age, and indicates the importance of expected temporal structure during speech processing.
Overall, the differences between younger and older listeners were the smallest for the 0.5-Hz interruption rate across all interruption methods, and increased for higher rates. Given that retained speech fragments at 0.5 Hz still contained either full words or multiple syllables, it appears that the processing of these larger-sized fragments proceeds along similar perceptual routes regardless of listener age and hearing status. Results of dual-rate gating further indicate that older and hearing-impaired listeners were able to benefit from the brief subphonemic fragments available after the application of a 24-Hz secondary rate in those conditions when the primary rate, when presented alone, supported robust speech perception (i.e., 0.5 and 8 Hz). On the other hand, older and hearing-impaired listeners experienced greatest difficulty with increased gaps between fragments (i.e., a 25% duty cycle), possibly as a result of increased uncertainty about correct responses, which would require a more exhaustive integration process. The results of the correlation analysis revealed that speech perception at fast interruption rates correlated with puretone thresholds and performance on speech-in-noise tests, while it did not correlate with age, working memory scores or spectro-temporal pattern discrimination. Overall, the present findings of cross-rate intelligibility variation support the notion that different perceptual processes are involved in the perception of interrupted speech at slow and at fast rates. As such, they provide a basis for further investigating the mechanisms underlying speech perception difficulties in older and hearing-impaired adults, and for developing diagnostic tools which are able to pinpoint the nature of these difficulties.
